Abstract Amyotrophic lateral sclerosis (ALS) is a progressive, adult-onset neurodegenerative disease characterized by degeneration of motor neurons, resulting in paralysis and death. A pathological hallmark of the degenerating motor neurons in most ALS patients is the presence of cytoplasmic inclusions containing the protein TDP-43. The morphology and type of TDP-43 pathological inclusions is variable and can range from large round Lewy body-like inclusions to filamentous skein-like inclusions. The clinical significance of this variable pathology is unclear. Intermediate-length polyglutamine (polyQ) expansions in ataxin 2 were recently identified as a genetic risk factor for ALS. Here we have analyzed TDP-43 pathology in a series of ALS cases with or without ataxin 2 intermediate-length polyQ expansions. The motor neurons of ALS cases harboring ataxin 2 polyQ expansions (n = 6) contained primarily skein-like or filamentous TDP-43 pathology and only rarely, if ever, contained large round inclusions, whereas the ALS cases without ataxin 2 polyQ expansions (n = 13) contained abundant large round and skein-like TDP-43 pathology. The paucity of large round TDP-43 inclusions in ALS cases with ataxin 2 polyQ expansions suggests a distinct pathological subtype of ALS and highlights the possibility for distinct pathogenic mechanisms.
Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive, adultonset neurodegenerative disease that is characterized by degeneration of motor neurons, resulting in paralysis and death [10] . Degenerating motor neurons in most ALS patients contain abundant cytoplasmic inclusions containing ubiquitin, as well as the protein TDP-43 [41] . TDP-43 pathology is found in almost all non-SOD1 ALS patients and mutations within the TDP-43 gene (TARDBP) have been identified in rare sporadic and familial ALS cases [12, 22, 41, 48] . The pathological and genetic findings implicate TDP-43 as an important contributor to ALS pathogenesis [28] . In addition to being localized to the cytoplasm, TDP-43 within these pathological inclusions contains post-translational modifications associated with disease, including cleavage into C-terminal fragments and phosphorylation [23, 40, 41] .
In addition to the characteristic round neuronal cytoplasmic inclusions, TDP-43 inclusions can be observed as dash-or dot-like inclusions, skein-like filamentous inclusions, nuclear cat-eye inclusions, neuritic tangles, and cytoplasmic and nuclear glial inclusions [23, 37, 40, 41] .
A number of initial reports examining TDP-43 pathology noted variation in the types of TDP-43 positive inclusions between patients [23, 38, 40, 41, 51] . However, the clinical significance of the different morphologies of TDP-43 pathological inclusions remains unclear [30] .
Intermediate-length polyglutamine (polyQ) expansions in ataxin 2 were recently identified as a genetic risk factor for ALS [8, 13-15, 21, 29, 31, 43, 47, 53, 54] . The subset of ALS patients harboring ataxin 2 polyQ expansions represents a cohort with the same genetic risk factor and perhaps the same mechanistic underpinnings to their disease. Do these patients exhibit differences in TDP-43 pathology compared to ALS cases without ataxin 2 polyQ expansions?
Here we have analyzed TDP-43 pathology in a series of ALS cases with or without ataxin 2 intermediate-length polyQ expansions. The motor neurons of ALS cases harboring ataxin 2 polyQ expansions contained primarily skeinlike or filamentous TDP-43 pathology and only rarely, if ever, contained large round inclusions, whereas the ALS cases without ataxin 2 polyQ expansions contained abundant large round and skein-like TDP-43 pathology. The paucity of large round TDP-43 inclusions in ALS cases with ataxin 2 polyQ expansions suggests a distinct pathological subtype of ALS and highlights the possibility for distinct pathogenic mechanisms.
Materials and methods

Study subjects
Our cohort included 19 cases with a clinical diagnosis of ALS in accordance with the modified El Escorial Criteria [6] and a neuropathological diagnosis of ALS who underwent autopsy in the Center for Neurodegenerative Disease Research at the University of Pennsylvania from 2001 to 2010 (Table 1) . Detailed clinical characteristics [gender, age at onset, disease duration, site of onset, and ALS global disease severity as measured by a functional rating score (ALSFRS-R) [7] ] were ascertained when available by retrospective chart review of clinical data within the University of Pennsylvania Health System. ALS patients with ataxin 2 intermediate-length polyQ expansions were previously identified [14] and all those who had also donated brain and spinal cord for research at the Center for Neurodegenerative Disease Research (CNDR) at the University of Pennsylvania were included (n = 6). ALS cases 
Evaluation of TDP-43 pathology
The presence of total TDP-43 pathology, filamentous or skein-like TDP-43 pathology, or large round TDP-43 pathology was scored in cervical and lumbar spinal cord and motor cortex using a semi-quantitative 5-point ordinal scale (0, none; 1, rare; 2, mild; 3, moderate; 4, severe) by two of us, blinded to the genetic data and each other's assessment (M.P.H and J.B.). See Fig. 2 for examples of this scoring system. This same scoring approach has been used effectively in several similar comparative pathology studies [4, 5, 19, 20] . We utilized this system rather than numeric image analysis-based quantification because an ordinal scale acknowledges the sequential nature of stages of increasing severity, reflecting the spread of pathology throughout a given section, or throughout the brain, which has been shown in all major neurodegenerative diseases. Indeed, ordinal data also provide information about the relation of severity stages since one stage follows continuously into the other, representing sequential classes rather than values on a numerical scale [19, 20, 33] .
Statistical analyses
All statistical comparisons represent P values calculated using two-sample Mann-Whitney U (Wilicoxon) test on R software. The significance level for all comparisons was set at the 0.05 level.
Results
Genetic and clinical features of ALS cases in this study
The ataxin 2 polyQ length, though variable, is most frequently 22Q. PolyQ expansions greater than 34 cause spinocerebellar ataxia 2 (SCA2) [25, 32, 42, 44] . Intermediate-length ataxin 2 polyQ expansions (27-33Q) are associated with increased risk for ALS [8, 13-15, 21, 29, 31, 43, 47, 53, 54] . We examined 19 subjects including 6 ALS patients harboring ataxin 2 intermediate-length polyQ expansions (3 cases with 27Q, 1 case with 31Q, 2 cases with 32Q) and 13 ALS patients with normal ataxin 2 polyQ lengths (13 with 22Q and 1 with 24Q). The mean age of onset of ataxin 2 polyQ-expanded cases was 55.2 years (median = 55, range = 30-78) and the mean age of onset of the normal-length ataxin 2 group was 55.6 years (median = 52, range = 39-81) ( Table 1) . One of the intermediate-length ataxin 2 polyQ ALS patients and two of the normal-length ataxin 2 ALS patients had disease duration longer than 4 years, and would meet the usual definition of progressive muscular atrophy (PMA) as recently described by Geser et al. [20] .
Comparing TDP-43 pathology in ALS cases with and without ataxin 2 polyQ expansions
To determine if there are differences in TDP-43 pathology in cases with or without ataxin 2 polyQ expansions, we examined autopsy tissue from 6 ALS cases with ataxin 2 polyQ expansions and 13 ALS cases with normal-length ataxin 2. TDP-43 inclusions were initially identified using a polyclonal TDP-43 antibody as well as a monoclonal phosphorylation-specific TDP-43 (pTDP-43) antibody. For ease in distinguishing pathological TDP-43 from normal nuclear TDP-43, we used the pTDP-43 antibody for the majority of cases in our study. The patterns of pathology recognized by both antibodies were similar (Figs. 1, 3) . In a subset of cases stained with the polyclonal TDP-43 antibody, we found that the pathology of ALS cases with ataxin 2 polyQ expansions was characterized primarily by filamentous cytoplasmic TDP-43 inclusions within motor neurons of the anterior horn (Fig. 1 ). ALS patients with normal ataxin 2 polyQ length, as previously reported, were characterized by cytoplasmic inclusions in motor neurons that tended to be large, dense round inclusions or dense pre-inclusions, although filamentous skein-like inclusions could also be found (Fig. 1) . Thus, there was a lack of large round TDP-43 inclusions in ALS cases harboring ataxin 2 polyQ expansions.
To further characterize this potential difference in TDP-43 pathology, we analyzed relevant brain regions, including cervical and lumbar spinal cord and motor cortex, from the complete group of 19 cases ( Table 2 ). The presence of TDP-43 pathology, as well as the presence of filamentous inclusions or dense round inclusions was graded using a semi-quantitative 5-point ordinal scale (0, none; 1, rare; 2, mild; 3, moderate; 4, severe) ( Table 2 ) (see Fig. 2 for examples of grading system).
Comparing the total TDP-43 pathology score present in each case, we found no statistical difference between patients with ataxin 2 polyQ expansions and those without polyQ expansions in cervical and lumbar spinal cord and motor cortex ( Fig. 3i; Table 2 ). However, in the lumbar spinal cord, there was a trend toward less total TDP-43 pathology in the ataxin 2 polyQ-expanded cases, but this difference did not reach statistical significance ( Fig. 3i ; Table 2 ). In agreement with our earlier observations, we found that ALS patients with ataxin 2 polyQ expansions had a significant increase in the presence of less dense filamentous inclusions within motor neurons of the anterior horn of the spinal cord ( Fig. 3j; Table 2 ). These filamentous inclusions varied in size and density, and were commonly spread throughout the cytoplasm of the cell (Fig. 3e-h ). As expected, it was possible to find filamentous inclusions in patients with normal-length ataxin 2, but was less common (Table 2 ). When grading the more stereotypical TDP-43 dense, round inclusions, they were rare or entirely absent from ataxin 2 polyQ-expanded patients in spinal cord regions examined, and were absent, rare or mild in motor cortex ( Fig. 3k ; Table 2 ). This was most noticeable in the anterior horn of spinal cord where these large cytoplasmic inclusions are most obvious (Fig. 3e-h ).
While the presence of dense large round inclusions in normal-length ataxin 2 patients was variable between cases, overall there was a significant increase in the presence of these types of inclusions compared to ALS patients with ataxin 2 polyQ expansions ( Fig. 3a-d, k ; Table 2 ). This was consistent in all brain regions examined (Fig. 3k) . Discussion TDP-43 pathological inclusions are hallmark characteristics of the majority of ALS cases, however, the different types of TDP-43 positive inclusions and their relevance to disease are poorly understood [30, 41] . The presence of distinct morphologies of neuronal cytoplasmic TDP-43 inclusions has been noted in a number of reports [23, 40] , including one which hypothesizes that development of the two most common inclusion types, round and filamentous, may be distinct and manifest separately [38] . We observe that almost all TDP-43 pathologies in ALS patients with ataxin 2 polyQ expansions are characterized by filamentous inclusions and a striking paucity of round dense inclusions. To further investigate the pathological features of ALS associated with ataxin 2 polyQ expansions, it will be important to expand these analyses to include additional ALS cases. While there is much variability in the types of inclusions seen in a sampling of ALS cases, the group harboring ataxin 2 polyQ expansions shares a characteristic pathology that can be separated from cases without ataxin 2 expansions as a whole.
Some cases in the control ALS group are also characterized by the same TDP-43 pathology, and it perhaps makes sense that other unidentified genetic risk factors could culminate in the same pattern of pathology. This would also lead us to predict that the round dense inclusions of TDP-43 are formed via a different mechanism or under different cellular conditions (M.P.H. and A.D.G. manuscript in preparation). TDP-43 is an intrinsically aggregation-prone protein [26] ; perhaps then different alterations to TDP-43 or different cellular environments can influence its misfolding trajectories toward distinct morphologies (e.g. round or skein-like). This study represents a starting point and follow-up studies are required to extend and confirm these findings in additional ALS autopsy cases harboring ataxin 2 polyQ expansions and to further define the role of ataxin 2 in ALS pathogenesis. A convergence of neuropathology and genetics has provided fundamental insight into human neurodegenerative diseases [17] . Case in point: the neuropathology of frontotemporal lobar degeneration (FTLD). The subclassification of different types of FTLD based on neuropathological features (e.g. ubiquitin-positive, taupositive, TDP-43-positive, FUS-positive, etc.) [9, 16, 35, 36] has proven tremendously valuable in understanding disease mechanisms and is supported by the genetic underpinnings of various FTLD subtypes [9, 45] . Therefore, a similar stratification of ALS cases based on genetics and neuropathology will hopefully provide additional insight into disease mechanisms. The notion that different genetic causes can result in the same clinical phenotype, but differing neuropathology, has previously been proposed. In ALS alone, pathology has been subtyped into at least three exclusive categories, including ALS cases with TDP-43 pathology, FUS pathology or SOD1 pathology [2, 27, 34, 50, 55] . Furthermore, chromosome 9-linked ALS and FTD cases, which are caused by a hexanucleotide repeat expansion in the C9ORF72 gene, exhibit distinct pathological features [1, 3, 5, 11, 24, 39, 46, 49, 52] . In the future, it will be of interest to compare the morphology of TDP-43 inclusions, as we have here for ataxin 2 (e.g. skein vs. round morphology), in ALS patients with distinct underlying genetic characteristics (e.g. mutations in VCP, UBQLN2, OPTN, C9ORF72). In the limited number of C9ORF72 ALS cases that we examined here (n = 3) we did not observe any significant differences in skein versus round TDP-43 inclusions compared to ALS cases without C9ORF72 mutations, although a larger follow-up study will be important.
It was recently reported that different mutations in the FUS gene might result in differences in FUS pathology as well as differences in clinical phenotype (i.e. disease severity) [33] . This example underscores the idea that mutations within the same gene can produce distinct pathology, which is relevant to disease and may suggest different underlying pathogenic mechanisms. There are some recent examples in which TDP-43 pathology has been subtyped within ALS [18] and it is commonly split into subtypes within the related disorder, FTLD [36] . Ataxin 2 polyQ-expanded cases are another example where TDP-43 pathology can be subtyped in ALS, whereby a distinct difference in TDP-43 inclusion morphology (i.e. absence of large round inclusions and presence of Cases with normal polyQ length ataxin 2 are characterized primarily by large dense round inclusions (arrow heads), round pre-inclusions (arrows) and occasionally skein or filamentous inclusions (a-d). Cases with ataxin 2 polyQ expansions lack large dense round inclusions and are instead characterized primarily by less compact filamentous inclusions throughout the cytoplasm of motor neurons (e-h). Scale bar 10 lm for b-d and f-h. Scale bar 20 lm for a, e. i Semi-quantitative grading of total TDP-43 pathology showed no difference in the mean extent of pTDP-43 pathology in cervical or lumbar spinal cord, or motor cortex. j Semi-quantitative grading showed a significant increase in the mean extent of pTDP-43 filamentous inclusions in ataxin 2 polyQexpanded ALS cases compared to cases with normal ataxin 2 in cervical spinal cord (**P \ 0.01). k Semi-quantitative grading showed a significant decrease in the mean extent of pTDP-43 large round inclusions in ataxin 2 polyQ-expanded ALS cases compared to cases with normal-length ataxin 2 in cervical and lumbar spinal cord, as well as motor cortex (**P \ 0.01)
